have remarkably similar tors include glial cell line-derived neurotrophic factor defects in kidney and enteric nervous system develop-(GDNF) (Lin et al., 1993) , Persephin (PSP) (Milbrandt ment . Given the in vitro pairing between Neurturin and et al., 1998), and Artemin (ARTN) (Baloh et al., 1998b) .
GFR␣2 and the observation that GDNF and GFR␣1 are Neurturin and GDNF share many biological properties closely paired in vivo, it is likely that Neurturin will be in vitro including the ability to support the survival of most important for GFR␣2-expressing cell lineages, and rat sympathetic (Kotzbauer et al., 1996) , midbrain dopapaired expression of GFR␣2 and Neurturin will identify minergic (Lin et The expected Neurturin PCR product was readily amplified using cDNA prepared from adult heart of WT mice (n ϭ 5) but was not observed in NTN Ϫ/Ϫ animals (n ϭ 5). Porphobilinogen deaminase (PBGD) cDNA was amplified from each PCR reaction as an internal positive control for the reverse transcriptase reactions.
expression include the intestine, salivary gland, whisker had undergone homologous recombination were injected into blastocysts to create chimeric mice, which pad, and testis. In the intestine, GFR␣2 is expressed in the myenteric plexus, while Neurturin is produced in the were then bred to create Neurturin-deficient animals ( Figure 1B ). To confirm the loss of Neurturin expression, circular muscle layer. In the salivary gland, GFR␣2 is produced in parasympathetic ganglia, while Neurturin we used RT-PCR from adult heart mRNA, because low levels of Neurturin mRNA and protein preclude other is produced by the gland parenchyma. In the whisker pad, GFR␣2 is expressed by innervating nerve fibers approaches. The expected RT-PCR product was easily detected in mRNA prepared from five of five wild-type from the trigeminal ganglion, while Neurturin is produced in and around vibrissae. These areas of NTN and animals, but in none (zero of five) of the homologous recombinant mice ( Figure 1C Hearing tests by brainstem auditory-evoked response testing were equivalent to matched wild-type animals. The brain of NTN Ϫ/Ϫ mice does not have major malformations either grossly or microscopically as discerned by thionin or acetylcholinesterase staining, GFR␣1 or GFR␣2 in situ hybridization, or by serotonin or tyrosine hydroxylase antibody staining. performed. VIP and substance P are each expressed in about 30% of the myenteric neurons and represent largely nonoverlapping populations. Neither of these populations of neurons is absent from NTN Ϫ/Ϫ mice, but mice (mean cell area ϭ 96 Ϯ 4 m 2 , p Ͻ 0.001, n ϭ 100 cells), suggesting that Neurturin provides crucial trophic both VIP-and substance P-expressing fibers appear to be less abundant in NTN Ϫ/Ϫ mice than in wild-type support for these neurons and that the decreased fiber density may reflect smaller cell size and reduced axonal animals. To determine whether the decrease in fiber density reflected a more general neuronal loss, myenarborization. To determine whether the anatomic differences beteric neurons were quantitated after staining with cuprolinic blue (Karaosmanoglu et al., 1996) ganglion cells. In GDNF-deficient mice, physiologic pairing between GDNF and GFR␣1 was clearly demonstrated in the trigeminal ganglion by the selective loss in GFR␣2-expressing cells in the NTN Ϫ/Ϫ mouse comof GFR␣1-expressing neurons (Naveilhan et al., 1998 Upon further inspection, it was evident that one major component of the apparent eyelid droopiness of NTN Ϫ/Ϫ mice is related to the position of the eyeball within the eye socket ( Figures 6C and 6D ). Wild-type mice have eyes that protrude beyond the bony rim of the orbit, whereas in the Neurturin-deficient animals, the eyeballs are set deeper in the eye socket. The size of the eyeball is comparable in wild-type and Neurturin-deficient animals and does not explain the difference observed in eye protrusion. While this difference in eyeball protrusion could explain the apparent droopiness of the eyelids, the crusting discharge around the eyes suggested additional deficits. periorbital appearance of NTN Ϫ/Ϫ mice. Defects in parasympathetic innervation to the lacrimal gland and the reduction in other GFR␣2-expressing neuadult mice, fiber bundles revealed by PGP 9.5 immunorons in NTN Ϫ/Ϫ mice prompted further evaluation of the staining were thinner in NTN Ϫ/Ϫ than in wild-type animals parasympathetic nervous system. Strong Neurturin ex-(data not shown). This reduction in nerve fiber staining pression in the developing submandibular salivary gland would be consistent with the moderate, but not com-( Figure 7A ) and expression of GFR␣2 within the paraplete, loss of parasympathetic neurons observed by cell sympathetic ganglion cells innervating the gland sugprofile counts. gested that these neurons might also be affected in To determine whether Neurturin signaling provides NTN Ϫ/Ϫ mice. GFR␣2-stained neurons were easily seen critical trophic support for other parasympathetic ganin the neonatal wild-type submandibular ganglion (Figglia , the ciliary ganglion that innervates the pupillary ure 7B) but could not be found in the NTN Ϫ/Ϫ gland constrictor muscle of the eye and the otic ganglion that ( Figure 7C ). Parasympathetic ganglia were, however, innervates the parotid gland were examined. NTN Ϫ/Ϫ readily identified in NTN Ϫ/Ϫ submandibular gland by thiomouse pupils constrict in response to bright light, and nin staining (Figures 7C and 7D) deficits. Although Neurturin is strongly expressed in the olfactory mucosa and GFR␣2 is expressed in the olfacParasympathetic Neurons tory bulb, the ability of NTN Ϫ/Ϫ mice to detect a scented While the trophic factor requirements for many sensory pellet appears normal. While olfactory neurons, like and sympathetic neuron populations have been well other CNS neuron populations, may rely on multiple defined, trophic factors important for parasympathetic neurotrophic factors, it is also possible that Neurturin neuron development are less well understood. The striksignaling is needed by only a subset of olfactory neuing loss of parasympathetic innervation to the lacrimal rons, which respond to specific odorant molecules. and submandibular salivary glands of NTN Ϫ/Ϫ mice indiNeurturin and GFR␣2 are both expressed in the develcates that Neurturin is a parasympathetic neuron suroping kidney, but grossly, microscopically, and funcvival factor. The importance of Neurturin for parasympationally, the kidneys of NTN Ϫ/Ϫ mice appear normal. In thetic neurons is supported by the reduction in ciliary addition, despite Neurturin expression in the testis and ganglion neuron profiles and the smaller size of otic oviduct, male and female NTN Ϫ/Ϫ animals are fertile. ganglion cells in NTN Ϫ/Ϫ mice. The observation that While the role of Neurturin in these tissues may be reNeurturin/Ret signaling is important for development of lated to innervation of these structures that would not parasympathetic neurons is consistent with defects in have been detected with the current analysis, Neurturin parasympathetic neurons in mice deficient in Phox2a, deficiency could also be compensated for by the presa transcription factor that regulates Ret expression ence of other related trophic factors. (Morin et al., 1997) . The normal numbers of the otic Despite the similarity of Neurturin-and GFR␣2-defiganglion cells and normal size of surviving ciliary gancient animals, there is one important difference. GFR␣2-glion cells, however, suggests that other factors also deficient mice have striking growth failure, while Neurturinprovide trophic support for some parasympathetic neudeficient mice cannot be distinguished from littermates ron populations. In the otic ganglion, Neurturin may be based on size. Given the remarkable similarity between primarily responsible for maintenance of postnatal parathese animals, the etiology of growth failure in one anisympathetic neurons, rather than for their prenatal demal, but not the other, remains unclear. It suggests that velopment.
Neurturin Is Critical for Proper Function
there may some areas where GDNF can substitute for Neurturin by activating the GFR␣2 receptor and that at least one of these areas is important for growth. AlternaPhysiologic Pairing of Neurturin and GFR␣2 tively, it is possible that the growth differences between The analysis above, based on knowledge of the expresthese animals reflect differences in strain genetic backsion patterns of GDNF, Neurturin, GFR␣1, and GFR␣2 ground, severity of common defects, or animal hussuggests that Neurturin and GFR␣2 are tightly physiobandry. Differences in diet might be particularly imporlogically coupled in vivo. Comparison of Neurturin-defitant since parasympathetic innervation may influence cient and GFR␣2-deficient animals (Rossi et al., 1999 salivary gland secretions and gastrointestinal motility. period immediately before stimulation (basal period) and for 1 min 1998]) (NTN primers: 5Ј-CAGCGGAGGCGCGTGCGCAGAGAGCG, during which stimulation was applied. Samples were stored at 5Ј-TAGCGGCTGTGCACGTCCAGGAAGGACACCTCGT; porphobili-Ϫ80ЊC for subsequent radioimmunoassay of VIP and substance P nogen deaminase primers: 5Ј-TGTTGAGGTTTCCCCGAATACT, as described previously (Grider, 1986; Grider and Makhlouf, 1986 ). 5Ј-GATGCTGTTGTCTTTCACCCAAA) and produced fragments of VIP, substance P, and antiserums to VIP and substance P were from 100 nt (Neurturin) and 154 nt (porphobilinogen deaminase). The Peninsula Laboratories (Torrence, CA).
125
I VIP and 125 I substance P reaction conditions were 2.5 mM MgCl 2 , 10ϫ Fisher Taq buffer B, were from New England Nuclear (Boston, MA). 8% glycerol, and the cycling parameters were 94ЊC for 30 s, 60ЊC for 30 s, and then 72ЊC for 60 s ϫ 40 cycles.
Neuronal Counting and Cell Size Analysis
The heads of P0 mice were embedded in paraffin, sectioned in the Histopathological Analysis and Immunohistochemistry coronal plane at 6 m, and stained with thionin. Ganglion volumes Tissues were prepared as described (Enomoto et al., 1998). Paraffinand neuronal profile counts were determined and the mean and embedded newborn pups and adult tissues were sectioned at 6 m standard deviation were calculated as described previously (Silosand stained with thionin or hematoxylin and eosin. 
